Mitochondrial DNA (mtDNA) control region sequences from six Kenyan Grant's gazelle (Gazella granti) populations were highly divergent among locations. Neighbouring populations not separated by geographical or vegetational barriers exhibited a nucleotide sequence divergence of about 14 per cent. A similar level of divergence separates Grant's gazelles from a closely related species, the Soemmering's gazelle (G. soemmeringii). Nuclear microsatellite repeat number variation at two loci also indicated substantial population genetic differentiation. Despite high levels of sequence divergence, populations of Grant's gazelles were more closely related to each other than to Soemmering's and Thomson's gazelles (G. thomsoni) as measured by nucleotide sequence divergence at the mtDNA protein coding cytochrome b gene and the nuclear o-lactalbumin gene. This pattern of extensive differentiation is hypothesized to have resulted from recently established contacts between formerly allopatric populations.
Introduction
Mitochondrial DNA has been widely used in genetic studies of population differentiation (Avise, et al., 1987) . As mammal mtDNA evolves rapidly compared with nuclear DNA (Wilson et a!., 1985) , populations often show mtDNA variation that reflects aspects of the evolutionary history and ecology of the species (Avise, 1991) . Partitioning of genetic variation has been observed to be minimal among populations of species in which gene flow is high and dispersal distances are large (Ball et a!., 1988; Wayne et a!., 1992) , but can be significant when populations of poorly dispersing species are compared across geographical barriers (Avise, 1991) .
Earlier studies were almost entirely based on mtDNA restriction fragment length polymorphism analyses, but increasingly mtDNA nucleotide sequence data is being generated. This information has been mainly used to determine taxonomic relationships at the interspecific level (Irwin et a!., 1991; Arnason et a!., 1993; Bowen et a!., 1993) . *Correspondence 1996 The Genetical Society of Great Britain.
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The most variable region of the mammal mtDNA genome is the control region (d-loop). Among humans, this region evolves three to five times faster than the rest of the mtDNA genome (Aquadro & Greenberg, 1983) , and apart from scattered sequence blocks conserved among taxa, the d-loop is characterized by rapid change in sequence and length (Saccone et a!., 1991) . This region is therefore well suited to population genetic analyses, and has proved useful in mapping differentiation among human populations (Horai & Hayasaka, 1990; Vigilant et al., 1991; Piercy et a!., 1993) . Comparative data from other taxa are beginning to accumulate (Baker et a!., 1993; Brown et a!., 1993; Ron et a!., 1993; PalsbØll et al., 1995 , Arctander et a!., 1996 if nucleotide sequence analysis of the d-loop is to become important in the understanding of population genetic differentiation, an appreciation of the degree to which sequences can differ between populations is necessary.
Compared with small mammals and invertebrates, little is known about the population genetic struc- Grant's gazelles are distributed from northern Tanzania to southern Sudan and Ethiopia, and from the Kenya coast to Lake Victoria. They occur in lowland thornbush, savanna woodland, open plains and subdesert. The species is gregarious, territorial and migratory, and is relatively arid-adapted (Estes, 1991) . Grant's gazelles exhibit considerable variability in size, horn shape and coat colour and on the basis of such differences a number of subspecies have been described (Kingdon, 1982) . We report here that d-loop sequence variation among Grant's gazelle populations is extensive, and that such variation is not concordant with present-day barriers to migration.
Materials and methods

Biological material
Samples from Grant's gazelles were collected from six localities in Kenya: Masai Mara National Reserve, and Nairobi, Amboseli, Tsavo East, Samburu, and Sibiloi National Parks during 1991-92 ( Fig. 1 ). Samples were obtained with the use of biopsy darts (Karesh et al., 1987) from free ranging individuals. In two cases samples of skin were obtained from dead individuals. Tissue was stored in liquid nitrogen in the field and at -80°C in the laboratory.
Amplification and sequencing DNA extraction followed standard procedures involving treatment of skin samples with SDS and proteinase K, with subsequent phenol/chloroform extraction (Sambrook et al., 1989) . A double-stranded polymerase chain reaction (PCR) product of the entire control region was obtained with the primers HH651 and HL15926 (Kocher et al., 1989) . Singlestranded DNA from dideoxy termination sequencing was generated by unbalanced PCR of the doublestranded PCR product. The primers HL15926, HH16397 (5' -TTTCACGCGGCATGGTGATTAA-3'), and HH16168 (5'-GGTTGCTGG'TTT'CACGC-GGCA-3') were used for single-stranded PCR as well as sequencing: both strands were sequenced. PCR and sequencing followed standard procedures (Innis et al., 1990 (Fries et a!., 1994) designed for the domestic cow, were kindly provided by Dan Bradley, Department of Genetics, University of Dublin, Ireland.
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Analysis of sequence data
Nucleotide diversity (Nei, 1987) was used to estimate genetic diversity within and between populations. The sequence statistic KST (Hudson et a!., 1992) , which determines the fraction of sequence divergence accounted for by population differentiation, was used to test for population subdivision.
The approximate statistical significance of observed KST values was estimated by Monte Carlo simulations where individuals were sampled without replacement and randomly assigned to populations.
The distribution of KST values over 1000 simulations then permits an assessment of statistical significance: large observed values of KST have small probability values (Hudson et al., 1992) .
Sequence alignment was performed by eye. Insertions/deletions were introduced trying to minimize transversions. A phylogenetic tree of d-loop sequences was estimated with the program FITCH from maximum likelihood distances among the sequences generated with DNADIST (Felsenstein, 1993) . For DNAD!ST we used a transition/transversion ratio of 14 and the empirical frequencies of the bases. Bootstrap samples (Felstenstein 1985) were generated with the program SEOBOOT, from which distance matrices were estimated by DNADIST. The trees estimated by FITCH were analysed with CONSENSE (Felsenstein 1993 ).
Sequences were deposited in GenBank under the accession numbers L14021 to L14060.
Analysis of microsateiite data
The observed genotypic distributions at the microsatellite loci were compared with the expected Hardy-Weinberg proportions using the method of Guo & Thomson (1992) . The significance level was found as the fraction of 1000 Monte Carlo permutations of individual allele combinations that resulted in genotypic probabilities as large as or smaller than the observed ones.
Gene diversity at each locus was estimated according to Nei (1987) and averaged across the two loci.
Population subdivision was quantified with F-statistics according to Weir & Cockerham (1984) .
Standard deviations of the parameters were found by jackknifing across populations.
The allele frequency distributions at the microsatellite loci were compared between populations also by Monte Carlo permutation tests, and x2 values were estimated in each permutation and compared with the observed x2 value (Roff & Bentzen, 1989) .
The significance levels at the two loci were combined using Fisher's method for independent tests (Manly, 1985) .
Results
Sequence data
The 371 bp sequenced of the d-loop showed extensive variation at 142 variable sites, resulting in 40 different d-loop sequences among the 44 Grant's gazelle individuals examined. Four sequences were found in two copies, which always were collected in the same population ( Table 1 ). The five populations (Sibiloi is included in the Samburu population, see below) differ in the level of nucleotide diversity. The lowest diversity (1.94 per cent) is found in the divergent Tsavo population, whereas a threefold higher value (6.2 per cent) is found in the population from Amboseli. The other three populations have intermediate diversities ( Table 2) .
The phylogenetic relationships among the d-loop sequences ( Fig. 2) indicate that the samples fall into three major groups: Tsavo East, Samburu/Sibiloi and Masai Mara/Nairobi/Amboseli. The partitioning into these groups is supported by high bootstrap values (Fig. 2) . The samples from Tsavo are the most divergent. The sum of the branch lengths connecting this group with the other two groups amounts to about 14 per cent expected substitutions per base. The Samburu/Sibiloi and Masai Mara/Nairobi/Amboseli groups are separated by branches with a total length of 7 per cent expected substitutions per base (Fig.  2) . Similar values are found by estimating the net nucleotide differences between populations ( Table   2 ). The net nucleotide differences between the samples from Masai Mara, Nairobi and Amboseli are all less than 1 per cent ( Table 2) .
Inspection of the phylogenetic tree ( Fig. 2 ) reveals that the samples from Masai Mara arc clusterd in a single monophyletic group plus two interspersed among sequences from Nairobi and Amboseli, suggesting that the Masai Mara population is differentiated from the other two. There is no evidence of a grouping according to geography for sequences from Amboseli and Nairobi (Fig. 2) .
In the test for population differentiation based on the method of Hudson et al. (1992) a preliminary analysis indicated that the two individuals from Sibiloi did not differ significantly from the samples collected in Samburu (P>0.82), but differed significantly from the samples from Masai Mara (P<0.01), Nairobi (P <0.02), Tsavo (P <0.02) and were as different as possible (given the small sample size) in 
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• . .CACT.ATT.. A test for homogeneity of all five populations reveals that KST = 0.661, which is significant at the 0.001 level. Thus, the largest part of the total nucleotide diversity for all populations (0.109) results from partitioning of the diversity among populations. The rejection of the hypothesis of homogeneity is not surprising considering the large differences among sequences in the three major groups (Fig. 2) . The population structure is further analysed by homogeneity tests of the populations in pairs ( (Table 5) , which is also reflected in Fjs-values that do not differ significantly from zero (Table 6 ). The number of observed alleles at the two microsatellite loci is high considering the sample sizes (Table 5) . A total of seven and eight alleles are observed at the BOLA2 and PRL loci, respectively. This is also reflected in a high gene diversity, which ranged from 0.474 in Masai Mara to 0.741 in Samburu/Sibiloi (Table 5 ). The genetic differentiation at the microsatellite loci is lower than that which has been observed for the d-loop sequence variation. Table 6 presents the F-statistics for the two loci. The part of the total diversity of 0.728, which is attributable to differentiation among the populations (FST), amounts to one-quarter to
The Genetical Society of Great Britain, Heredily, 76, 465-475. Transversions above diagonal, transitions below. Abbreviations as in Fig. 1 . Abbreviations as in Fig. 1 . Roff & Bentzen (1989) for homogeneity among all five populations. They are significant at the 0.001 level at both loci. The tests for pairwise homogeneity (Table 7) show similar results to the sequence-based tests ( (Connochaetes taurinus) and impala (Aepyceros melampus) populations sampled from the same areas in Kenya revealed divergences on the order of 0.2-1.4 per cent (Arctander et a!., 1996) . Humans differ from each other by values in the range of 0.1-3.6 per cent (Horai & Hayasaka, 1990) , among white sturgeons the mean value between populations is 2.3 per cent (Brown et at., 1993) , and ranging from 0.8 per cent to 2.9 per cent within different feeding aggregations of North Atlantic humpback whales (PalsbØll et at., 1995) . High levels of intraspecific divergence have also been reported for the chimpanzee (Pan troglodytes; Morin et at., 1994). The net nucleotide distance between the subspecies P t.
schweinfurthii and P t. troglodytes was 8.9 per cent, which is lower than the results for Grant's gazelle.
The two above-mentioned subspecies had a net nucleotide distance of 32.4 per cent to the third subspecies, P t. verus, a value that is substantially larger than the differences observed for Grant's gazelle. Unlike Grant's gazelle, the intraspecific divergences among subspecies of the chimpanzee are still smaller than the distance of 54-62 per cent to their closest relative, the bonobo (P paniscus). The high value among the subspecies of the chimpanzee could suggest that the taxonomic position of the subspecies P t. vents should be raised to full species if the results were supported by similar findings at nuclear loci (Morin et a!., 1994).
The estimate of genetic differentiation among populations was three to four times higher for the d-loop sequences than for the microsatellite loci. This result could arise from differences in effective population size (Ne) of mitochondrial and nuclear genes, but the actual difference in Ne is unknown because of insufficient knowledge of the mating system. Female gazelles could also be more philopatric than males. Another reason for the observed difference in genetic differentiation could be different modes of evolution of the d-loop and the microsatellites. The latter could be more influenced by back mutations, which results in a decreased level of differentiation.
The high level of d-loop sequence divergence among Grant's gazelle populations is comparable to that separating Grant's gazelles from a related species, the Soemmering's gazelle. The three major groups of Grant's gazelles differed from each other by approximately 6 per cent of cyt b third positions, which amounts to about half the difference from Soemmerings gazelle. Therefore, their differentiation is probably about half as old as that separating them from Soemmerings's gazelles. Estimates based on the assumption of 1 per cent third position diver-gence per 50 000 years (Irwin et al., 1991) indicate a common population ancestry about 300 000 years ago.
The observed genetic differences among the Grant's gazelle populations could have arisen parapatrically or allopatrically. Parapatric differentiation would in our opinion require a defined ecotone with markedly different selective regimes on either side of the boundary. The morphological characters used to segregate the different subspecies, such as horn shape and slight differences in coat colour (Kingdon, 1982) , are not indicative of ecological separation. All populations inhabit arid to semiarid open savanna, and no geographical or ecological barrier or gradient is apparent: Grant's gazelles occur widely in areas between sampling locations, especially between Tsavo East and Amboseli. A more likely explanation is that secondary contact has been established between populations that have until recently been allopatric. The differentiation may have evolved during repeated expansion and contraction of arid habitats during the late Pleistocene (Hamilton, 1982) that probably isolated populations. The inferred lack of interbreeding between the three major groups could be caused by chromosomal differences, a phenomenon commonly observed among gazelles (Benirschke et a!., 1980) and which may contribute to reproductive barriers.
Despite their dispersal capabilities, large mammal species can thus exhibit surprising levels of divergence among populations even in the absence of barriers to gene flow. Such barriers might have existed historically and not be apparent today, especially if they were linked to palaeoclimates.
These results have practical consequences for conservation biology as they emphasize the need for preservation of a diverse array of populations. In addition, a thorough knowledge of patterns of differentiation among African wildlife populations will be required to conserve adequately and manage this resource.
